Fluorine-containing polysiloxane low-melting glass (FPLMG) was prepared by the hydrolysis-condensation of tridecafluorooctyltriethoxysilane (FAS), vinyltriethoxysilane (ViTES) and phenyltriethoxysilane (PhTES).
Introduction
Silicone rubber has excellent high and low temperature resistance, electrical insulation property, hydrophobicity and hydrophobicity recovery and so on. It is gradually replacing the traditional insulating materials, such as glass and porcelain, in high voltage transmission areas. [1] [2] [3] [4] [5] [6] However, the hydrophobicity of silicone rubber might be reduced or even lost owing to its exposure to elevated voltage level and environmental deterioration during long-term operation. The loss of surface hydrophobicity accelerated the deposition of contaminants in heavy wet weather. Once under the applied electric eld, local electric eld distribution would be altered by contaminants, which resulted in the formation of leakage current. The water on the surface of silicone rubber would evaporate under the inuence of current joule heat, and then dry-band discharge was formed. These electrical discharges would lead to the concentration of a mass of heat, and then causing the thermal degradation of the silicone rubber. Consequently, the silicone rubber undergoes electrical tracking, destabilizing its electrical insulation property.
7-10
Nowadays, the common method to improve the tracking resistance of silicone rubber is the incorporation of inorganic anti-tracking additives, such as alumina trihydrate (ATH).
11-13
However, high polarity of inorganic additives, poor compatibility between inorganic additives and silicone rubber, and heavy load for the desired tracking resistance would severely deteriorate the mechanical and hydrophobic properties of silicone rubber. Thus, it is extremely urgent to study one novel and efficient organic anti-tracking additive with excellent compatibility with silicone rubber. The frequently-used organic antitracking additives in our research group are the urea-or amino-containing siloxane, 14, 15 of which high polarity might reduce the hydrophobicity of silicone rubber. Therefore, it is of meaningfully signicance for the application and development of silicone rubber to not only improve its tracking resistance but also retain its hydrophobic and mechanical properties.
Fluorinated modication can improve the hydrophobicity of silicone rubber because uorine atoms have lower surface energy than silicone atoms. [16] [17] [18] [19] [20] [21] [22] [23] Besides, Du et al. found that uorination could also dissipate the surface charge of room temperature vulcanized silicone rubber. The reason was that uorine element had high electric negativity, which made the C-F bond highly polarized. The uorinated layer would capture electrons once under the applied electric eld. An inverse eld was formed in the vicinity of anode, weakening the effective eld between the electrode and sample. 24 Therefore, introducing the uorine element into silicone rubber might improve its hydrophobicity and tracking resistance. In recent years, organic-inorganic hybrid low-melting glass also develops a new route for the anti-tracking additives of silicone rubber. Organic-inorganic hybrid low-melting glass, a novel organic-inorganic hybrid materials, is in transparent glassy state at room temperature, and can transform into uid liquid at relative low temperature. 25 It has applicable prospects in the improvement of the ame retardance, high temperature resistance, tracking and erosion resistance and other properties of polymer.
26, 27 Yu et al. introduced polysiloxane low-melting glass into epoxy composites, and found that polysiloxane lowmelting glass would form a glassy protective layer when heated and signicantly enhanced the ablative resistance and surface barrier properties of epoxy.
26 Therefore, organically combining uorine element and organic-inorganic low-melting glass would not only improve the hydrophobicity of silicone rubber and dissipate its surface charge, but also effectively barrier the transmission of heat and ammable gas by forming the "glassy layer" at high temperature. It might be favorable to enhance the tracking resistance property of silicone rubber and broaden its application. However, there were few reports about the incorporation of uorine element into organic-inorganic hybrid low-melting glass and the application of organic-inorganic hybrid low-melting glass in silicone rubber.
In this work, uorine-containing polysiloxane low-melting glass (FPLMG) was prepared by hydrolysis-condensation of tridecauorooctyltriethoxysilane (FAS), vinyltriethoxysilane (ViTES) and phenyltriethoxysilane (PhTES) via one-step hydrochloric acid catalyzed sol-gel method. FPLMG was characterized by Fourier transform infrared spectrometry (FTIR), nuclear magnetic resonance spectrometry ( 1 H-NMR), X-ray diffraction (XRD), gel permeation chromatography (GPC), differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The effect of FPLMG with different FAS content on the tracking resistance, mechanical property, hydrophobicity and thermal stability of addition-cure liquid silicone rubber (ALSR) was investigated. Table 2 according to the different kinds of FPLMG added into silicone rubber.
Experimental

Materials
Characterization
Fourier transform infrared spectrometry (FTIR).
Fourier transform infrared spectrometry (FTIR) was taken with FTIR spectroscope (Bruker Optics, TENSOR-27, Germany). FPLMG samples were dissolved into toluene, and painted on the KBr slice. The toluene was removed by drying treatment. The transmittance spectra were recorded in the range of 4000 cm À1 to 400 cm À1 with 16 scans and resolution of 4.0 cm À1 .
1 H nuclear magnetic resonance spectrometry ( 1 H-NMR).
1 H-NMR spectrometry was performed with NMR spectroscope (Bruker, AVANCE III HD 600, Germany), and operated at 25 C. 5-10 mg dried sample was dissolved into 6 mL deuterated chloroform, and tetramethylsilane was taken as the internal standard.
X-ray diffraction (XRD).
The X-ray diffraction (XRD) was performed using source of CuKa radiation by X-ray diffractometer (Bruker, D8 ADVANCE X, Germany), operating at 40 kV and 40 mA X-ray beam. The bulk sample was grinded into powder for test, and the X-ray diffraction spectra were recorded in the 2q range from 5 to 80 .
Gel permeation chromatograph (GPC).
Gel permeation chromatography (GPC) was performed using a Waters 515 HPLC pump (Waters, USA) equipped with a Shodex K-G guard column and a Shodex K-804L chromatographic column. Detection was achieved using a Waters 2414 refraction index detector, and the sample was analyzed at 30 C using chloroform as the eluent at a ow rate of 1 mL min À1 . The instrument was calibrated using narrow polydispersity polystyrene standards.
Differential scanning calorimetry (DSC).
Glass transition temperature (T g ) was measured with differential scanning calorimetry (DSC) using a differential scanning calorimetry instruments (Netzsch, DSC204F1, Germany). To eliminate heat history, double scanning method was adopted, where sample with a weight of 3 to 5 mg in an aluminum crucible was tested at a heating rate of 20 K min À1 in the range of À30 to 250 C, and then at a cooling rate of 10 K min À1 in the range of 250 to À30 C, and nally at the heating rate of 20 K min À1 in the range of À30 to 250 C in nitrogen atmosphere.
Thermogravimetric analysis (TGA).
Thermogravimetric analysis (TGA) was conducted using a thermogravimetric analyzer (Netzsch Instruments, TG209, Germany) from 30 C to 800 C at the heating rate of 20 K min À1 in air atmosphere. Each sample measured in an alumina crucible was weighed in the range of 5 to 10 mg.
Mechanical property test.
The tensile and tear properties of ALSR samples were tested using tensile testing machine (Taiwan Youken Science and Technology Co., Ltd., 2.4.9 Static contact angle. The static contact angle of ALSR samples was conducted at room temperature with an contact angle meter (KRUSS, DSA100, Germany) according to GB/T 30693-2014 standard. A drop of water of 5 mL was carefully dripped on the horizontally laid specimen cleaned with deionized water. Five different points of each specimen were required to be tested and the average contact angle was calculated.
2.4.10 High temperature heat treatment of ALSR samples. The high temperature heat treatment of ALSR samples was measured with the muffle furnace (Nabertherm, LT15/12/P330, Germany). The ALSR samples with the dimensions of 1 Â 1 Â 2 cm 3 were placed on the lid of crucible, and treated for 10 min at 800 C.
Thermogravimetry-Fourier transform infrared spectrometry (TG-FTIR).
The TG-FTIR instrument consists of a TG analyser (Netzsch, STA-449C, Germany), an FTIR spectrometer (Bruker, TENSOR-27, Germany), and a transfer tube connecting these two parts. The samples of 15-20 mg was treated from 30 to 900 C at the heat rate of 20 K min
À1
. The temperature of transfer tuber was set to 230 C. The transmittance spectra were recorded in the range of 4000 cm À1 to 400 cm À1 with resolution of 4.0 cm À1 .
Results and discussion
3.1 Characterization of FPLMG 3.1.1 FTIR. The FTIR spectra of FAS, PhTES, ViTES, FPLMG0 and FPLMG3 are showed in Fig. 3 . For FAS as shown in Fig. 3(a) , the peak located at 1243 cm À1 was assigned to the stretching vibration of C-F linkage. 28 The bands at 956 cm
À1
and 1084 cm À1 were attributed to the symmetrical and asymmetrical stretching vibration of Si-O-C, respectively. The peaks at 2840-3000 cm À1 corresponded to the stretching vibration of the C-H of -CH 2 CH 3 . For PhTES in Fig. 3(b Fig. 3(c) , the peak at 1010 cm À1 was attributed to the out-of-plane bending vibration of C-H of CH]CH 2 in ViTES.
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For FPLMG0 in Fig. 3(d) , there was distinct peak separation at 1050 cm À1 and 1150 cm À1 aer the reaction of PhTES and ViTES, which were assigned to the symmetrical and asymmetrical stretching vibration of Si-O-Si, respectively. Fig. 3(e) , aer FAS, PhTES and ViTES were reacted, the band at 1243 cm À1 attributed to the stretching vibration of C-F appeared, and other characteristic peaks were similar to those of FPLMG0, which manifested that uorine-containing polysiloxane low-melting glass was successfully prepared. 3.1.2 1 H-NMR. Fig. 4 shows the 1 H-NMR spectra of FPLMG with different FAS content. For FPLMG0 in Fig. 4(a) Fig. 4(b) -(f), aer PhTES, ViTES and FAS were reacted, the characteristic signal at 1.5 ppm of the protons of -CF 2 CH 2 CH 2 -appeared, of which relative intensity intensied with the increase of FAS content. Other signals were similar to the ones as shown in Fig. 4(a) . It was also indicated that uorine-containing polysiloxane lowmelting glass was successfully obtained. and d 1 ¼ 0.5 nm (2q ¼ 19 ), which were ascribed to the chain-tochain distance and intra-chain distance of ladder-like polysiloxane, respectively.
31-34
The presence of d 2 manifested that FPLMG possessed amorphous ladder-like structure. Meanwhile, the ratio of peak area of corresponding peak of d 2 to that of d 1 (marked as R) could signify the structural regularity of ladderlike structure which demonstrated the proportion of ladderlike segments to total segments. And the value of R descended with the decrease of structural regularity. 35 As calculated in Fig. 5 , the values of R of FPLMG0, FPLMG1, FPLMG2, FPLMG3, FPLMG4 and FPLMG5 were 2.9, 2.7, 2.6, 2.5, 1.6 and 1.2, respectively, which demonstrated that the structural regularity of FPLMG decreased as FAS content increased. It might be because the hydrolysis-condensation of PhTES was still predominant in the system since the molar content of PhTES was much higher FPLMG3 (e) . Fig. 4 The 1 H-NMR spectra of FPLMG with different FAS content.
than that of FAS. However, the inductive effect of tridecauorooctyl group was prone to the condensation of hydroxy group when compared with phenyl group, and the segment activity of FAS was higher than that of PhTES owing to the lower steric hindrance of tridecauorooctyl group. The ladder-like structure of nal product without FAS would be arranged in a certain order. However, the ladder-like structure of nal product might be destroyed by the addition of FAS. 3.1.4 GPC. The GPC curves of FPLMG with different FAS content are showed in Fig. 6 . In Fig. 6 , the molecular weight (M n ) of FPLMG and polydispersity index (PDI) both increased with more addition of FAS. The reason was that the reaction activity of FAS was higher than that of PhTES because of the inductive effect and lower steric hindrance of tridecauorooctyl group. Moreover, the molecular weight of tridecauorooctyl group was higher than that of phenyl group. Therefore, M n of FPLMG increased with more addition of FAS.
3.1.5 DSC. Fig. 7 presents the DSC curves of FPLMG with different FAS content. In Fig. 7 , the glass transition temperature (T g ) of FPLMG0 was 56 C, which was basically similar to that of polysilsesquioxane low-melting glass prepared by Yu et al.
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Aer the addition of FAS, T g of FPLMG increased with more content of FAS. It was because the polarity of tridecauorooctyl group was higher than that of phenyl group, and the molecular weight of FPLMG increased with more content of FAS, which contributed to the increase of T g . and Si-O-Si backbone. Besides, the temperature of 5% weight loss (T 5 ) of FPLMG0 was 379 C, and residue at 900 C (W 900 ) was 44.7 wt%. The thermal degradation behavior of FPLMG with the addition of FAS was similar to that of FPLMG0. However, T 5 and W 900 of FPLMG were lowered with more content of FAS. It could be explained that tridecauorooctyl group was easily subjected to the oxidation and bond scission of side groups in the form of -Si-CH 2 -CH 2 -C 6 F 13 . Therefore, the content of phenyl groups with good thermal stability decreased as FAS content increased, which resulted in the decrease of thermal stability of FPLMG. strength of FS-3 was enhanced by 24.5% when compared with N-SR. It might be because that there were vinyl groups in FPLMG which contributed to the formation of concentrated crosslinking network by reacting with PHMS. More stress could be dispersed into the crosslinking network. Moreover, as discussed in Fig. 6 , the molecular weight of FPLMG increased with more content of FAS. Therefore, stress would be dispersed into the concentrated crosslinking with higher molecular weight, which was favorable to the improvement of mechanical properties of ALSR.
Effect of FPLMG on the mechanical properties of ALSR
Effect of FPLMG on tracking resistance of ALSR
The effect of FPLMG with different FAS content on the tracking resistance of ALSR is showed in Fig. 9 . As shown in Fig. 9 , the tracking resistance of N-SR was poor, and ve parallel specimens failed within 1 h. When the FAS content increased, the tracking resistance property of ALSR with FPLMG, such as FS-0, FS-1 and FS-2, was effectively enhanced, where two, three, four out of ve specimens was through 6 h IP test. ALSR with FPLMG3, FS-3 sample, successfully passed 6 h IP test. However, ALSR samples, such as FS-4 and FS-5, did not pass 6 h IP test when FAS content was too high in FPLMG.
Suppression mechanism of FPLMG on the tracking resistance of ALSR
In the long-term operation of silicone rubber in high voltage transmission areas, the loss of hydrophobicity of silicone rubber led to the massive deposition of contaminants. The leakage current on the surface of silicone rubber dramatically increased under the applied electric eld, and then arc discharge was formed. The thermal degradation of silicone rubber was caused by the heat concentration owing to the repeated discharge. Consequently, silicone rubber happened to electrical tracking. As can be seen, the tracking resistance property of silicone rubber had connections with its hydrophobicity and thermal stability. Therefore, to clarify the suppression mechanism of FPLMG on the tracking resistance of ALSR, hydrophobicity and thermal stability of ALSR samples were analyzed as follows. 14 Besides, the temperature of 5% weight loss (T 5 ) of N-SR was 395 C, and the residues at 800 C was 47.7 wt%. The thermal degradation behavior of ALSR with FPLMG was similar to that of N-SR, and the thermal stability of ALSR was markedly enhanced by FPLMG. However, the increasing amplitude of thermal stability, such as T 5 and W 800 , of ALSR decreased with more FAS content in FPLMG when compared with FS-0. It might be because as shown in Fig. 8 , the thermal stability of FPLMG was lowered with more addition of FAS. Therefore, the thermal stability of ALSR samples decreased when FAS content in FPLMG increased.
To further investigate the effect of FPLMG with different FAS content on the thermal stability of ALSR, ALSR samples were treated with muffle furnace at 800 C for 10 min. The residue and surface topography of each sample were studied. As shown in Fig. 12 , the residue of N-SR aer treated at 800 C for 10 min was so brittle as to be easily cracked, and the inner and external surfaces of residues turned white. Aer adding FPLMG, the residual content of ALSR apparently increased and, moreover, the residues, of which the inside was charred into black, were hard and compact. The reason was that a densely glassy layer on the surface of ALSR was formed by FPLMG at high temperature, which improved the ablative resistance and surface barrier effect of ALSR. Therefore, the inner of ALSR with absence of oxygen was charred into black. Fig. 12 also presented that the residual content of ALSR at 800 C decreased with the increase of FAS content in FPLMG. The residues of ALSR, such as FS-4 and FS-5, were cracked when the FAS content was too high. It could be explained that as shown in Fig. 8 , the thermal stability of FPLMG decreased with more content of FAS, which resulted in the destruction of glassy layer formed by FPLMG. Therefore, the residues of ALSR with FPLMG were easily cracked when FAS content was too high. 3.4.3 Analysis of pyrolysis products of ALSR with FPLMG. To further study the mechanism of FPLMG with different FAS content on the enhancement of thermal stability of ALSR, TG-FTIR test was adopted to analyze the pyrolysis products of ALSR with FPLMG during its thermal decomposition. FTIR spectra of total volatile gases analyzed from 3D spectra of TG-FTIR during the thermal decomposition of ALSR samples were presented in Fig. 13 . The thermal decomposition of silicone rubber mainly consisted of the oxidation and bond scission of side methyl groups and thermal degradation of backbone.
14 The main pyrolysis products of N-SR under air atmosphere were water (3400-3700 cm À1 ) formed by the produced by thermal degradation of backbone. The kinds of pyrolysis products of ALSR with FPLMG were similar to those of N-SR, but there existed the difference in relative peak intensity. Fig. 14 presents the FTIR absorbance vs. temperature curves of pyrolysis products of ALSR in air atmosphere. As for N-SR, the main pyrolysis products were carbonyl compound and CO 2 below 400 C, indicating that there were mainly the oxidative breakage and degradation of side methyl groups for N-SR below 400 C. When temperature was elevated, N-SR primarily happened to bond scission of side methyl groups and thermal degradation of backbone, which resulted in the formation of large amount of methane and cyclic oligomers. The relative intensities of CH 4 , CO 2 and cyclic oligomers of ALSR with FPLMG were lower than those of N-SR, while the intensity of carbonyl compound was higher than that of N-SR except for FS-0. Moreover, the relative intensities of CO 2 , carbonyl compound and cyclic oligomers increased with more FAS content in FPLMG, while the relative intensity of CH 4 decreased as FAS content increased. It was demonstrated that, as illustrated in Fig. 12 , the densely glassy layer on the surface of ALSR was formed by FPLMG with low FAS content, which hindered oxygen and heat from penetrating into the inside of matrix. Therefore, the main pyrolysis products were CH 4 produced from bond scission of side methyl groups and cyclic oligomers generated from thermal degradation of backbone. While thermal stability of FPLMG decreased with high FAS content, and the glassy layer on the surface of ALSR was easily cracked. Therefore, there were primarily carbonyl compound and CO 2 caused by oxidative degradation of side methyl groups and cyclic oligomers caused by thermal degradation of backbone. Overall, the thermal stability of ALSR was effectively improved by suppressing the thermal degradation of backbone. All in all, in combination with above discussion about the effect of FPLMG on hydrophobicity and thermal stability of ALSR, it might be thought that the tracking resistance of ALSR was enhanced by means of the improvement of hydrophobicity and thermal stability of ALSR. On one hand, hydrophobicity of ALSR was improved because of the incorporation of uorine element, diminishing the deposition of contamination on the surface of ALSR. Meanwhile, surface charge could also be suppressed by uorine. 24 On the other hand, a glassy layer on the surface of ALSR was formed by FPLMG with appropriate FAS content at high temperature generated from arc discharge. It could hinder heat and ammable gas from transmitting into the inside of ALSR, and the thermal stability of ALSR was effectively improved. Therefore, the tracking resistance of ALSR was enhanced by FPLMG with proper FAS content.
Conclusions
In this work, uorine-containing polysiloxane low-melting glass (FPLMG) was prepared by hydrolysis-condensation of tridecauorooctyltriethoxysilane (FAS), vinyltriethoxysilane (ViTES) and phenyltriethoxysilane (PhTES) via one-step hydrochloric acid catalyzed sol-gel method. FPLMG had amorphous ladder-like structure, and was in glassy state at room temperature. The molecular weight and glass transition temperature of FPLMG increased with more addition of FAS. And the tracking resistance and mechanical properties of ALSR were effectively enhanced by FPLMG. ALSR/FPLMG specimens successfully passed 6 h IP test when FAS content was 5.7 mol%. The hydrophobicity of ALSR with FPLMG was also improved with more content of FAS. TG, TG-FTIR and high temperature heat treatment demonstrated that FPLMG could signicantly improve the thermal stability of ALSR because of the enhancement of ablative resistance and surface barrier effect of ALSR by forming a dense and compact glassy layer. Therefore, the tracking resistance of ALSR with FPLMG was enhanced by means of the improvement of hydrophobicity and thermal stability of ALSR.
